Serum resistance is a major virulence factor of gram-negative bacteria, and K-1 polysaccharide has been shown to contribute to serum resistance in selected strains. To obtain further information about the role of K-1 in serum resistance and to find out whether loss of the ability to produce K-1 can induce loss of serum resistance, we studied the serum resistance of mutants derived from completely serum-resistant, K-i-positive blood culture isolates ofEscherichia coli by selection for resistance to infection with K-1 specific bacteriophages. The amounts of K-1 polysaccharide produced by wild-type strains and mutants were measured, and outer membrane protein and lipopolysaccharide (LPS) patterns were analyzed. In each group of mutants, several highly serum-sensitive strains were found. All mutant strains expressed less K-1 than did the corresponding wild-type strains. Mutants that became highly serum sensitive always had less K-1 than did mutants with less-pronounced changes of serum resistance. A few mutants derived from different wild-type strains showed increased expression of outer membrane proteins with molecular weights of about 46,000 and 67,000. All of the wild-type strains examined had smooth-type LPS, and only two mutants had altered LPS structures; alterations of mutants in outer membrane proteins and LPS could not be correlated with alterations of serum resistance. The results indicate that for K-i-positive blood culture strains of E. coli, K-1 expression is a prerequisite for serum resistance, and loss of ability to synthesize K-1 leads to loss of serum resistance.
Serum resistance is an important determinant of the pathogenicity of gram-negative bacteria. Mechanisms of bacterial evasion of complement-mediated killing include early release of generated membrane attack complexes mediated by lipopolysaccharides (LPS) (12) , insertion of membrane attack complexes into nonlethal targets of the bacterial cell envelope, possibly directed by certain outer membrane (OM) proteins (8) , and interference of certain capsular polysaccharides with alternative-pathway complement activation (10, 15 ; for a review, see reference 11) .
In general, acidic exopolysaccharides are not considered major determinants of complement resistance (30) . However, the K-1 capsular antigen possesses an exceptional position. Its relevance as a determinant of serum resistance in Escherichia coli is still controversial (2, 3, 6, 9, 18, 31) .
K-1-positive E. coli strains have extraordinary clinical importance; 80% of E. coli strains isolated from cases of neonatal meningitis and 36% of those from cases of neonatal septicemia possess this type of capsule (23, 24) . Approximately 26% of E. coli blood culture isolates from adult patients are K-1 positive (21) .
Therefore, it was the aim of this study to get further information about the role K-1 plays in determination of serum resistance. The serum resistances of six isolated K-1-positive blood culture strains which were able to grow in undiluted, pooled human serum were compared with those of six mutants of each of these strains which were selected for resistance to infection with K-1-specific bacteriophages. Extraction of K-1 capsular polysaccharide and LPS. Preparation of bacteria and extraction of K-1 polysaccharide were performed exactly as described by Pelkonen et al. (20) . LPS was extracted by the phenol-water method of Westphal and Jann (35) and further purified by cetavlon precipitation.
Determination of 2-keto-3-deoxyoctulosonic acid, colominic acid (K-1 polysaccharide), and protein. LPS were assessed by 2-keto-3-deoxyoctulosonic acid determination by the method of Karkhanis et al. (14) . Colominic acid was determined by the method of Barry et al. (1) . Protein was measured by the method of Markwell et al. (17) . Determination of K-1 was performed in three separate experiments for eight randomly chosen strains. The variation coefficient was always lower than 0.13.
Discontinuous SDS-PAGE. SDS-PAGE was performed as described by Lugtenberg et al. (16) . The concentration of acrylamide in the separating gel was 11%. Sixty micrograms of protein and LPS corresponding to 0.5 jig of 2-keto-3-deoxyoctulosonic acid were applied to each slot of the gel. The LPS gels were stained by the method of Tsai and Frasch (33), and protein gels were stained with Coomassie blue R-250 (Pharmacia-LKB, Freiburg, Federal Republic of Germany). RESULTS Sensitivity of K-i-specific, phage-resistant mutants to the lytic action of human serum. K-1-specific, phage-resistant mutants of six completely serum-resistant blood culture isolates of E. coli were tested for serum resistance. Figure 1 shows the growth curves of the mutants from one selected strain (BK 555) during 2 h of incubation in different concentrations of NHS compared with that of the wild-type strain. Data for resistance for the other wild-type strains and mutants to one concentration of serum are included in Table  1 Fig. 2A to C) . One exception was strain BK 324. Some mutants of this strain also had additional major OM proteins with molecular weights of about 33,000 to 37,000 (Fig. 2B) .
SDS-PAGE analysis of LPS. The LPS of all strains were analyzed by SDS-PAGE, and there were only two which showed significant changes in their LPS profiles. Strain BK 324/4 showed different migration properties, indicating qualitative changes in the composition of the repeating unit or the core region (Fig. 3A) . In contrast to the wild-type strain of BK 323 and the other mutants, the LPS of strain BK 323/2 contained significantly more material of high molecular weight; however, the bands were not changed in their positions, indicating an alteration of the degree of polymerization of the 0-specific side chain (Fig. 3B) . In every group of mutants derived from the six completely serum-resistant wild-type strains tested, some were highly serum sensitive. This indicates that production of K-1 is a prerequisite for the serum resistance of the strains of E. coli examined (only few mutant strains had detectable changes of the OM protein or LPS patterns, and these could not be correlated with the serum resistance properties of the respective mutants).
DISCUSSION
Although theoretically, phage resistance could be induced by mutations that affect different steps of the phage infection process, we found that all mutants tested had a reduced amount of the receptor structure when we analyzed the amounts of K-1 produced by the different mutants. Clearly, however, resistance to phage infection does not necessarily require complete loss of the ability to express K-1. It also seems possible that qualitative changes of K-1 (e.g., of the degree of 0 acetylation) have an influence on phage adherence.
We could not find a linear relationship between amounts of K-1 and degrees of serum resistance. However, mutants that were phage resistant and still serum resistant always had higher amounts of K-1 than did serum-sensitive mutants from the same group. Within the group of serum-sensitive mutants, correlation of K-1 with the degree of serum sensitivity was not possible.
These data suggest that a minimal amount of K-1 is necessary to confer serum resistance. This is consistent with the data published by Vermeulen et al. (34) , who found that a threshold level of K-1 was needed to protect the bacteria from lysis by serum when they examined the serum resistance of E. coli, the K-1 production of which had been altered by modifications of the growth conditions. On the basis of our data, we conclude that this threshold level differs from strain to strain. The existence of such a threshold level would also explain why several studies could not detect a correlation between the presence of K-1 and serum resistance (2, 3), since K-1-positive bacteria are not necessarily serum resistant if the amount of K-1 produced is too low. The threshold level could also be the reason why it was previously impossible to transfer complete serum resistance by molecular cloning.
Several groups have reported cloning of the K-1 genes into E. coli K-12 (4, 25, 32) . Timmis and co-workers (32) tested recombinants for serum resistance and found that K-1-positive recombinants were able to survive in 6% rabbit serum, whereas the recipient K-12 strain was not. However, no higher concentrations of serum were tolerated by the K-1-positive recombinants. Transfer of the genes for K-1 does not necessarily lead to expression of K-1 sufficient for serum resistance.
In 1980, Gemski et al. (6) demonstrated that K-1-negative mutants of serum-resistant, K-1-positive E. coli with roughtype LPS were serum sensitive. Our findings are consistent with those published by Gemski et al. and show that the conclusions not only are valid for rough-type strains, which are generally considered more serum sensitive than smoothtype strains (28) , but can be extended to smooth-type strains (all blood culture strains examined in this study had smoothtype LPS).
The findings of this study can be related to our data about the influence of antibiotics on K-1 expression and serum resistance. In an earlier study, we found that certain antibiotics at subinhibitory concentrations inhibited K-1 production in a dose-dependent fashion (26) . Recently, we demon- on the serum resistance of K-i-positive strains of E. coli that correlate with the changes of K-1 expression (S. Suerbaum, H. Leying, B. Meyer, and W. Opferkuch, submitted for publication). It seems very likely that the antibiotic-induced reduction of serum resistance is mediated by inhibition of K-1 production.
The basis of K-i-mediated protection from serum killing is most likely inhibition by K-1 of activation of the alternative complement pathway (22) . Polysialic acid-containing residues have been shown to cause increased binding of factor H to C3b molecules in a sheep erythrocyte model described by Fearon (5 
